Blood loss during cardiac surgery measured by gravimetric, colorimetric, patientweighing, and red cell volume studies, has been compared. It is concluded that all methods agree closely, but that the red cell volume studies suggest a "concealed" blood loss at the operation site, not measured by other methods. The colorimetric method described here offers a simple and practical means of measuring blood loss during surgery and has been introduced as routine during all major surgical procedures requiring blood replacement. It is emphasized that the blood loss measured in this way is the minimum loss and represents the minimum amount of whole blood that should be replaced by transfusion.
Modern surgical techniques, particularly those involving the heart, may cause great loss of blood. Accurate and rapid replacement of shed blood is necessary if cardiovascular homeostasis is to be preserved.
Blood loss requiring transfusion should be anticipated and replaced before the body's natural ability to compensate breaks down, with resulting hypotension and tachycardia. It is important that these vital physical signs should not be relied upon as an indication for transfusion, as their appearance may indicate the failure of the body to compensate. Furthermore, these signs are often masked in cardiac surgery, by the nature of the disease requiring surgical correction and by drugs. Over-transfusion may precipitate cardiac failure, and both under-and over-transfusion can produce a syndrome, not unlike that of "shock", characterized by tachycardia and hypotension, probably on account of the relatively fixed output of the heart.
The normal responses to cardiovascular stress may be lacking in patients subjected to cardiac surgery, and marked changes in blood volume may occur unheralded by conventional physical signs. It is at this dangerous stage of uncompensated blood loss that hypotension, hepatic and renal damage, ventricular fibrilation and cerebral hypoxia readily occur. The ability to compensate 91 for blood loss is even more critical in patients who already suffer from circulatory embarrassment. Shackman, Milne and Struthers (1960) have shown that even short periods of hypotension can produce irreversible sequelae in patients suffering from vascular disease.
Less blood is required to prevent hypotension than to correct it; therefore, ideally, blood should be replaced as it is lost, thus maintaining the cardiovascular homeostasis. Stanton and co-workers (1949) have stressed the importance of adequate replacement of blood during and after surgical operations. They demonstrated that although there is compensatory increase in plasma volume following uncompensated blood loss, there is no increase in red cells. Without blood transfusion the red cell volume does not return to normal for several weeks.
The uncompensated red cell loss leads to reduction in oxygen-carrying power of the blood. This may result in varying degrees of hypoxia, which tends to prolong postoperative recovery, and may lead to cardiac and circulatory disturbances and possibly cardiac failure. This is more likely to occur in patients already possessing a diseased myocardium. Coller, Crook, and lob (1944) and Crook, lob and Coller (1946) suggest that patients benefit most when the blood loss is replaced by blood given as the loss occurs. They also believe that even minimal blood loss retards convalescence and that all blood loss, in poor risk cases, should be replaced with equal quantities of whole blood.
Accurate replacement of blood acts as a prophylaxis against circulatory collapse and also aids in decreasing postoperative morbidity, both factors being of extreme importance in patients with cardiac disease.
It is therefore appropriate to emphasize that accurate replacement of blood loss during operative surgery depends on accurate measurement of the blood as it occurs. In this paper we compare a number of methods of making such measurements.
METHODS OF ESTIMATING BLOOD LOSS
Various methods are available for the estimation of blood loss and each has its advantages and disadvantages when applied to cardiac surgery.
Two methods depend on the constancy of the haemoglobin and the specific gravity of the blood (Baronofsky, Treolar and Wangensteen, 1946) . These methods are the weighing of swabs and the colorimetric method.
Weighing of swabs.
The gravimetric method is based on the assumption that 1 ml of blood weighs 1 g. However, the average specific gravity of red corpuscles is 1.0293 and of plasma 1.0270. The discrepancy between the assumed weight and the actual weight is a source of error but a mathematic correction can be applied to reduce this error. The method originally necessitated the use of dry swabs, although Bonica and Lyter (1951) have modified this so that swabs may be moistened with known quantities of saline.
The swabs must be weighed as soon as possible after contamination with blood so that the loss by evaporation is minimized. Furthermore, there is the added disadvantage that in cardiac surgery there is inevitable loss on to surgical gowns and drapes, and this loss is not included in the final "balance".
Weighing of the patient pre-and postoperatively.
The system of weighing a patient on a large weighing table can be employed and the preand postoperative weight can thus be measured. There is a serious disadvantage in that the blood balance cannot be assessed concurrently during the course of the operative procedure. Allowance must be made for thoracotomy drains, dressings, infusions and insensible water loss. The method employed allows an accuracy of not less than ± 10 g and the inaccuracy is probably much greater. However, the method is useful as a check for other methods-particularly as the patient may, in any case, be weighed prior to an extracorporeal procedure, for perfusion technique and anticoagulant dosage are dependent on a accurate estimate of body weight.
Volume of suction.
This method is an essential and accurate measure of frank haemorrhage provided, of course, that the loss is contained. Allowance must be made for ascitic fluid and for any fluid used for washing. Inaccuracies can occur if a container with too large a surface area is used and also when foaming is allowed to occur.
Estimation of blood volume.
Alterations in the red cell volume are not necessarily reflected in corresponding alterations in haemoglobin and haematocrit values, but a measure of the alterations can be obtained by measurements of red cell volume. Labelling with 51 Cr or 32 P affords a method of measuring red cell volume with an accuracy of ± 1.55 per cent (Chaplin, 1954) in normal subjects. However, under the conditions prevailing during cardiac surgery, inaccuracies may arise from imperfect mixing of the tracer; furthermore the method is not readily applicable for accurate, rapid, minute-to-minute, estimation such as may be required in this type of surgery. Radioactive iodinated albumen ( 131 I) or Evans blue dye gives a measure of plasma volume but great inaccuracies arise if the method is applied to cardiac patients undergoing surgery.
Electrolyte conductivity.
LeVeen and Rubricius (1958) utilize an automatic blood loss meter based on electrolyte conductivity. This method is potentially applicable to the assessment of blood loss in cardiac surgery.
Central venous pressure.
Measurement of the parameter, together with systemic arterial blood pressure gives useful guidance in assessing physiological under-or over-transfusion (Nixon, Grimshaw and Wooler, 1960) .
The purpose of this communication is to emphasize the necessity for carefully controlled replacement in cardiovascular surgery and to outline a method by which reliable replacement can be achieved.
PRESENT STUDY AND METHODS
In the present study, blood loss in every case has been assessed by the gravimetric method using a simple accurate weighing scale, as designed by Hercus and his associates (1961) . The weight of the dry swabs was subtracted from the weight of the bloodstained swabs, in order to obtain the blood loss. One gram weight of blood was assumed to be equivalent to 1 ml of blood. Blood passing into the suction line was measured in a graduated measuring cylinder. Only known volumes of saline passed into the suction line. In many cases simultaneous duplicate estimations of blood loss by one or all of the following methods were made in the same patients.
Colorimetric Method. Apparatus.
Washing machine. The washing machine used in this study was a Hoover Mk. II standard washing machine with a circulating pump and stainless steel tub ( fig. 1 ).
Blood loss meter. An instrument was constructed utilizing an optical glass flow-through cell, a selenium photo-cell, and a green filter (Ilford 604). Light was supplied from a 6.5-volt bulb operating from a 6-volt constant voltage transformer. The current produced by the photocell was indicated on a moving coil meter of 
Method of use.
The Hoover washing machine was filled with a measured volume of tap water to which was added sufficient ammonium hydroxide to give a l-in-1000 dilution. To this solution 10 ml of caprylic alcohol was added in order to reduce frothing. During the operation, swabs, blood from the suction apparatus, towels, etc., were added to the washing machine and the fluid was pumped through the flow-through cell. When taking a reading the flow of fluid was stopped by means of a tap placed within the instrument. Calibration of the instrument was carried out by taking readings on both the flow-through instrument and on a Unicam SP300 using accurately measured volumes of blood in the washing machine. The equation for calibration is
Hb g/100 ml washing fluid = v ' (i.e. meter reading) From these comparisons a graph was constructed which gave blood loss in ml against meter reading.
In all cases the patient's haemoglobin was estimated pre-operatively and immediately postoperatively and the average result used in the calculations. The venous haematocrit of each patient was measured in duplicate by the Wintrobe method, pre-operatively and immediately postoperatively, and corrected for trapped plasma by the correction factor of Chaplin and Mollison (1952) . It is an integral factor in the method that the haematocrit of the patient should remain approximately constant throughout the operation.
Weighing the Patient. The patient was weighed immediately pre-operatively whilst under general anaesthesia, on a large bed scale, weighing accurately to 10 g. The patient was again weighed immediately postoperatively. Great care was taken to list all pertinent attachments included in the original weighings so that they could be included in the postoperative weighing. All drainage tubes, spigots and dressings were of known weight and could be allowed for. All blood transfused during the operation was measured to the nearest 10 ml and was subtracted from the postoperative weight, assuming that 1 ml of blood weighed 1 g.
The blood loss was calculated by subtracting the corrected postoperative weight (postoperative weight minus weight of dressings, spigots, drainage tube and transfused blood) from the preoperative weight.
Measuring the Red Cell Volume.
The red cell volume of each patient was measured immediately pre-operatively whilst under general anaesthesia using red cells labelled with 51 Cr, according to the method described by Mollison and Veall (1955) and counted in a scintillation counter.
The postoperative red cell volume was measured using red cells labelled with radioactive 32 P according to the method of Reeve and Veall (1949) .
x patient's Hb x dilution factor for patient's Hb Volume of washing water (ml)
The use of these two isotopes in the same patients at the same time is practicable, as in the 51 Cr method, gamma radiation is counted in a scintillation counter and in the 32 P method, beta particle emission is measured in a Geiger Mueller counter. Thus one count interferes minimally with the other. Measurement of the postoperative red cell volume any sooner than 12 hours postoperatively gave most bizarre results. Subsequent studies have shown that the state of the circulation immediately following mitral valvotomy did not allow adequate mixture of the injected labelled red cells. Consequently in this study the postoperative red cell volume measurements were performed between 12 and 24 hours postoperatively (an accurate measure of postoperative blood balance being recorded). LeVeen and Rubricius (1958) have also found that red cell volume studies involving dilution techniques are unreliable in states simulating "shock". It is possible that a longer interval following the injection of labelled cells, before withdrawing the venous sample, may allow adequate dilution in the presence of an extremely sluggish circulation, and this is the subject of further investigation.
Haemoglobin estimations and haematocrit measurements were made in duplicate pre-and postoperatively in all cases.
All blood transfused during the operation and early postoperative period up to the time of the postoperative blood volume measurement was carefully measured to the nearest 10 ml of blood. The haematocrit of each transfusion bottle of blood was estimated after thorough mixture, and after correcting for trapped plasma the average of two results was used to convert whole blood into transfused red cells.
The total red cell loss was calculated by subtracting the corrected postoperative red cell volume (the postoperative red cell volume minus the red cells transfused) from the pre-operative red cell volume. For convenience of comparison with blood loss measured by other methods, the red cell loss was converted to whole blood, using the average of the two postoperative haematocrit readings. The haematocrit readings were first corrected for trapped plasma, and also by the venous-haematocrit: body-haematocrit ratio of 0.92, in order to obtain a true total body haematocrit. No patient in this study group had received a blood transfusion in the three months prior to surgery. Surgeon's estimate.
Many workers have shown that the estimate of blood loss by the surgeon is commonly grossly incorrect. As an interesting observation, the surgeon was asked, in occasional cases, how much blood he thought the patient had lost, and the answers were compared with the blood loss measured by the gravimetric method.
RESULTS
Gravimetric measurements of blood loss were made during mitral valvotomy in 120 patients of both sexes, whose ages varied from 20 to 60 years (mean 42 years; SD + 9.88). Patients undergoing re-operation were excluded from this series, as it is an accepted fact that the blood loss is much greater than at the first operation. The average blood loss for mitral valvotomy was 316 ml (S.D. ± 144).
The distribution of the blood losses in the series is seen in figure 2. The average blood loss, and range for the other types of cardiac operation is also shown in The results of the comparative study of measurement of blood loss by gravimetric and colorimetric methods in the same subjects are shown in table II. In the eighteen subjects studied it is immediately apparent that the colorimetric method compares well with the gravimetric method. If the results in which there is an obvious discrepancy due to blood being lost on the drapes (and being unavailable for weighing) are excluded, the average percentage difference is 0.7 per cent (with a range of -0.5 per cent to +1.5 per cent). For practical purposes this can be neglected. Therefore the conclusion may be made that the colorimetric method and the gravimetric method for the measurement of blood loss during surgery bear a close relationship, thus confirming the conclusions of Baronofsky, Treolar and Wangensteen (1946) in their series of twenty-one cases. They advocated the general adoption of the gravimetric technique because of its simplicity.
The results of blood loss calculated from the patient's loss in weight during the operation, as compared with the gravimetric measurement of blood loss can be seen in table III. There is in all cases a consistent increase over the blood loss measured by the gravimetric method, the mean loss being 38 ml higher (with a range of 13-64 ml). Some of the patients in this group (Nos. 12-24) underwent operations other than mitral valvotomy. It seems that, regardless of the total amount of blood loss, the degree of difference remained the same, and may be due to loss of fluid other than blood from the body during the Pre-op.
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11 -8 13-5 Per cent course of the operation, as for example perspiration and loss of water vapour into the anaesthetic system. However, blood loss on the drapes and gowns would be included in estimations of the loss by the method of weighing the patient, although these losses would not be included in estimations made by the gravimetric method. This together with a possible error of +10 g in the weighing, minimizes the difference.
In table IV, a comparative study of blood loss measured by gravimetric, colorimetric and red cell volume methods in the same patients is shown.
In subjects 2, 3 and 7 the blood loss for comparison has been taken as the colorimetric estimate. It will be seen from table II that in these cases there was a discrepancy between gravimetric and colorimetric estimations due to blood loss on the drapes and gowns, which could not be weighed. From table IV it is apparent that the blood loss is greater as estimated by red cell volume studies than when estimated by other methods. The mean difference between colorimetric and red cell volume is 145 ml (a range of 115-193 ml) .
In this series the surgeon's estimate compared with the blood loss estimated by the gravimetric method, was in all cases very close. This close relationship is perhaps not surprising where a standard technique is carried out in one particular operation. The blood loss as measured simultaneously in nine patients, by gravimetric, colorimetric and red cell volume studies, is shown in figure 3 and table IV.
DISCUSSION
In the present study the comparative results for the gravimetric and colorimetric methods for measuring blood loss during operative surgery, are in close agreement. The colorimetric method gives a very slightly higher result than the gravimetric method and this is readily explained by the blood losses on the gowns and drapes which Blood loss measured in ml of whole blood. Blood loss measured in ml of whole blood, or in ml of red cells. *Blood loss on towels. are not easily weighed. In certain types of cardiac and vascular surgery this later loss may reach a significant proportion of the total loss. These findings confirm those of Stanton and co-workers (1949) although Baronofsky, Treolar and Wangensteen (1946) found that the colorimetric method consistently gave a reading 10 per cent lower than the gravimetric method. Blood loss measured by weighing the patient pre-operatively and postoperatively consistently shows a slightly higher result than that obtained by the gravimetric method. This could be due to the blood loss on the gowns and drapes not being included in determinations made by the gravimetric method. Loss of fluid other than blood may occur during an operation, such as pericardial fluid aspirated into the suction line, perspiration loss by the vasodilated patient in a warm theatre, or water vapour lost by inhaling dry anaesthetic gases. All these would tend to cause a minimal weight loss, which when aggregated may reach proportions of 10-20 g. The weighing machine itself has a variation in accuracy of ± 10 g. Therefore the increase in loss calculated by this method is probably insignficant. When the blood losses as estimated by the colorimetric methods are compared with blood loss measured by red cell volume studies, the latter indicates that there is an even greater blood loss. The difference is not likely to be due to errors in red cell volume measurements since duplicate control estimations of red cell volume in nonsurgical patients, several days apart, differed by + 1.5 per cent. These observations are similar to those reported by Chaplin (1954) . Even assuming a maximum error, which is an average 60-80 ml of whole blood the difference is still significant in all cases. The assumption must therefore be made that the actual blood loss during a surgical procedure, in this case mitral valvotomy, is more than can be measured by the gravimetric, colorimetric or any other method dependent on measuring blood loss exterior to the patient. This "concealed haemorrhage" revealed by red cell volume studies, does not appear outside the body. It presumably consists of leaking of blood into the tissue spaces around the operation site, in the incision, and due to immobilization of blood in the vessels proximal to the ligatures. Although this blood is still inside the body confines, it is "unavailable" blood, and is lost to the circulation.
In view of the fact that the postoperative red cell volume in these cases was measured 12 hours postoperatively, some of this blood loss may be due to blood loss from the thoracotomy drainage tube. However, in all the cases the bloodstained fluid lost from the thoracotomy drainage tube did not exceed 50 ml. Thus from the present study it seems that approximately 100 ml is lost in this way during a mitral valvotomy. Therefore, although the gravimetric method of measuring blood loss is a simple one, it must be remembered that the method estimates only the minimum blood loss, and is the minimum amount of whole blood that should be replaced. Bonica and Lyter (1951) , in summarizing the work of seventeen other investigators, concluded that the blood loss as estimated by the surgeon is always less than that actually measured. In this series it was found not to be so, the surgeon in almost every case estimating fairly accurately, ± 50 ml, the blood loss that occurred.
Thus in conclusion it may be stated that the colorimetric method described for measuring blood loss provides a practical and simple method for use during the course of the operation in which blood lost on the gowns and drapes can be included in the final measurement. The method compares favourably with the gravimetric method.
Measurement of blood loss by weighing the patient pre-operatively and postoperatively compares well with blood loss measured by the colorimetric and gravimetric methods.
However, red cell volume studies serve to remind us that there is additional bleeding into the operation site, during the operation and immediately postoperatively and that this amount should be anticipated and added to the blood loss measured by other methods.
SOMMA1RE
Les auteurs ont compare les resultats de la mesure de la perte de sang subie au cours de la chirurgie du coeur, resultats obtenus par les methodes gravimetrique, colorimetrique, la pesee du patient et par le volume des globules rouges. Toutes ces methodes donnent des resultats tres voisins, mais le volume des globules rouges "suggere" la perte cachee du sang a remplacement de 1'operation -detail que les autres methodes n'indiquent point. La methode colorime'trique decrite ici offre un moyen simple et pratique permettant de mesurer la perte de sang pendant l'operation. Son emploi a e'te' g^neYalise' comme mesure de routine pendant toutes les interventions chirurgicales majeures n^cessitant le remplacement de sang. Les auteurs font remarquer que la perte de sang mesuree ainsi constitue un minimum et par consequent la quantity minima de sang entier devant etre remplac£e par transfusion.
ZUSAMMENFASSUNG
Messungen des Blutverlustes wahrend Herzchirurgie mit Gravimetrie, Kolorimetrie, Wiegen des Patienten und Untersuchungen des Erythrozytenvolumens werden verglichen. Es ergibt sich, dass alle Methoden nahe iibereinstimmen, dass aber die Untersuchungen des Erythrozytenvolumens auf einen "larvierten" Blutverlust durch die Operation hinweisen, der durch die anderen Methoden nicht gemessen wird. Die hier beschriebene kolorimetrische Methode bedeutet ein einfaches und praktisches Mittel, um den Blutverlust wahrend der Operation zu messen, und wurde als Standardmassnahme bei alien grosseren chirurgischen Eingriffen eingefiihrt, bei denen Blutersatz notwendig wird. Es wird betont, dass der auf diese Weise gemessene Blutverlust das Minimum des Verlusts darstellt und das Minimum der Menge ist, die durch Vollbluttransfusion ersetzt werden sollte.
